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ABSTRACT

Heat-transfer measurements were made for filmwise
condensation of steam on externally enhanced horizontal
tubes under vacuum and at atmospheric pressure. Data were
obtained for copper tubes with circular fins of rectangular,
triangular, trapezoidal, and parabolic cross sections, for
spiral fins of triangular cross section, for commercially
available finned tubes and for wire-wrapped tubes. Four
spirally finned tubes from each of Cu, Cu-Ni, Al, and stain-
less steel and two tubes with fins of rectangular cross
section from each of Cu-Ni and Al were manufactured and
tested to investigate the effect of thermal conductivity.

Among spirally finned tubes, the optimum fin pitch was
found to be 1.6 mm. The tubes with a parabolic fin shape
showed the best performance with steam-side enhancements of
4.1 and 6.2 under vacuum and at atmopsheric pressure,
respectively. Enhancement ratios as high as 3.5 and 2.1
were obtained under vacuum and at atmospheric pressure,
respectively, for the commercially available finned tubes.
The heat-transfer performance decreased with decreasing tube
metal thermal conductivity.

For the wire-wrapped tubes, an optimum pitch to wire
diameter ratio of about 5.1 was found, with steam-side
enhancements of about 1.9 and 2.2 under vacuum and at atmos-
pheric pressure, respectively. A recent theoretical anal-
ysis of 1laminar £film of 1low-surface-tension fluids on
wire-wrapped tubes was modified to include the condensate
retention of the tube due to the high surface tension of

water. Agreement between this modified analysis and the
experimental data was favorable.
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I. INTRODUCTION *

A. BACKGROUND -
It is well known that the power required to operate a

naval vessel at a given speed is proportional to its -

. displacement. Therefore, a major effort is necessary to 4

reduce the displacement in order to minimize the required

N power. One of the largest components of a naval vessel is ,

" the m«in condenser. In fact, present-day condensers are

equipped with smooth tubes, and therefore are large in size ;

and weight. Increasing the performance or the effective-

ness of the condenser can reduce the material and the

\ ‘.' ‘.. .-. ‘l- A ". A

construction cost and of course the weight.

£
-

The effectiveness of the condenser is limited by the -
thermal resistances of the water side, the steam side and ;
through the tube wall. Generally, the thermal resistances -

oy At S

of the water side and steam side are the most dominant. -
Reducing any one of these thermal resistances will

AL

P A

contribute to an improved overall heat-transfer coefficient.

Fa

Therefore, for a given heat duty, this corresponds to a :

s 2

' smaller and 1lighter condenser. Improved heat-transfer ‘
E performance can be achieved by enhancement of the water side N
z
o and/or the vapor side. Enhancement on the water side is N
‘E possible with turbulence promoters, twisted-tape inserts, f
¥ and deformation of the tube to produce a "roped" scheme, =
. internal fins or ribs [l]. The main disadvantage of water- t
2 side enhancement is the requirement of increased power for 3
L pumping. Therefore, vapor-side enhancement may promise X
better economic advantage, while the best advantage may be L
NI achieved by enhancing both sides based on a comprehensive R
N analysis. The enhancement of the vapor-side can be achieved &
2 by using low-integral fins, roped tubes or fluted tubes or K
u by applying coatings to promote dropwise condensation. d
‘ 13 .
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While externally finned tubes have been used since the
1940s in order to enhance the vapor-side coefficient of
tubes used in refrigeration systems, such tubes have not
been used in steam condensers. The reason for this appears
to be the common belief that externally finned tubes could
not enhance steam condensation mainly owing to the large
amount of condensate that floods between fins in the lower
portion of the tube. Since the surface tension of water is
four times greater than that of the refrigerants, a very
significant proportion of the tube may trap water between
fins, which could result in poor heat-transfer performance.

The theoretical treatment of the steam condensation
problem on horizontal finned tubes is very difficult due to
the large number of controlling parameters, such as gravita-
tional and surface tension forces, fin spacing, height,
thickness and shape leading to three-dimensional flow of
condensate. Due to the complexity of the problem, any theo-
retical model requires simplifying assumptions which can
lead to inadequate results. Therefore, a 1large pool of
reliable data, systematically covering all of the relevant
variables, is essential in order to test simplified theoret-
ical models and/or to arrive at a satisfactory correlation.

This thesis effort is a continuation of research being
conducted at the Naval Postgraduate School (NPS) under a
grant from the National Science Foundation. The basic test
apparatus has been constructed by Krohn [2]. Graber [3]
provided the instrumentation, and took preliminary data as
the system experienced problems with non-condensing gases
and partial dropwise condensation on copper tubes. Poole
[4] made further improvements on the apparatus especially
for leak tightness. He operated the apparatus both under
vacuum and at atmospheric pressure, and tested a total of
six finned tubes, with different fin spacing, as well as a
smooth tube. Unfortunately, Poole had problems owing to the

14
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occurrence of partial dropwise condensation. Using this s}
system, Georgiadis [5] was able to obtain complete filmwise N,
condensation on 26 copper tubes. The repeatability of data -
obtained by Georgiadis proved the accuracy of the test ::
apparatus and associated instrumentation which was basically ;;
. the same as that used by Poole [4] with some minor modifi- ¥
cations. Georgiadis tested a total of 23 finned tubes with e
rectangular-section fins and three smooth tubes. He system- E‘
atically varied the fin spacing (0.5, 1.0, 1.5, 2.0, 4.0 and S
9.0 mm), fin thickness (0.5, 0.75, 1.0 and 1.5 mm) and fin %
height (1.0 and 2.0 mm). Table I shows the combinations of _f
' fin dimensions used for these tubes. Based on both vacuum ég
and atmospheric runs, Georgiadis reported an optimum fin ﬁf
spacing of 1.5 mm and an optimum fin thickness of 0.75 to i;
‘ 1.0 mm. Among the finned tubes with a fin height of 1.0 mm,
: the tube with a fin spacing of 1.5 mm and fin thickness of o
- 1.0 mm provided the best heat-transfer performance. This i
tube resulted in a steam-side enhancement (i.e., the ratio ::
of steam-side coefficient for the finned tube to the value -
for the smooth tube at the same heat flux) of about 4 and RE
5.7 for vacuum and atmospheric pressure, respectively. He E?
found that the heat-transfer performance was most sensitive e
I to the fin spacing, while the effect of fin thickness was -
[ relatively small. Further, he found that the performance g
E increased with increasing fin height. However, he showed IE
that the ratio Eo/Ar (i.e., the enhancement beyond the area i’
enhancement) decreased with increasing fin height (for )
example, tube 6 with e = 1.0 mm gave Eo/Ar values of 2.13 é:
i and 3.01 for vacuum and atmospheric pressure, respectively, ;i
- while tube 23 with e = 2.0 mm gave values of 1.69 and 2.25). L
It appears that the surface-tension induced thinning of the
: condensate film diminishes with increasing fin height. E#
y Continuing with this investigation, Flook [6] tested 19 :'
{ additional tubes (see Table I for details). These tubes “;
i o
1 -
: 13 . S
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included two sets of four tubes with fin heights of 0.5 and
1.5 mm, respectively. In addition, he studied the effect of
fin shape using machined fins of triangular, trapezoidal,
and "parabolic" fin shapes, (these tubes had a fin height of
1.0 mm, a fin base thickness of 0.5 mm and a fin spacing of
1.5 mm at the fin root). Flook showed that the tube with
parabolic fins (tube 38) outperformed the corresponding tube
with rectangular-section fins (tube 17) by 10 and 15 percent
under vacuum and at atmospheric pressure, respectively. As
also pointed out by Flook, this tube did not have truly
parabolic fins. Like previous researchers [7,8], Flook also
pointed out that a fin shape, such as parabolic, that has a
continuously decreasing curvature from fin tip to fin root
provides considerable thinning of the condensate film, thus
resulting in improved heat-transfer performance.

Despite considerable achievements made by Georgiadis
and Flook, the very complicated nature of the problem being
studied demands much more attention. This includes more
testing to study the effect of fin shape, the effect of fin
thermal conductivity, performance of commercially available
tubes and the enhancement that can be achieved by wire-

wrapping smooth tubes.

B. OBJECTIVES

The main objectives of this thesis are as follows:

Take data on a number of tubes to check the repeat-
ability with previous data [5,6],

Take data on tubes with fins of different shapes (trian-
gular, trapezoidal, parabolic, etc.),

Take data on commercially available tubes,

Take data on tubes with different thermal conductivity
having rectangular, triangular, and spiral fin shapes, and

Take data on wire-wrapped tubes with different spacing

and wire diameter.

16
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Develop a theory to predict the data for wire-wrapped §,
tubes. "
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. II. PREVIOUS INVESTIGATIONS OF FILM CONDENSATION

) -ONEXTERNALLY - ENHANCED HORIZONTAL TUBES g

F. A. GENERAL OBSERVATIONS

When vapor condenses on smooth horizontal tubes in a -

LAY

b2t

filmwise mode, the condensate flows down by gravity and a
continuous film always exists around the tube. The latent

heat released by the vapor will eventually be absorbed by
the cooling liquid that flows through the tube. A
The condensate film resists this heat flow because of the

»
-
.
ol
-
-
~
»
-

B LN A
o D

low conductivity of the liquid. The resistance increases
as the film thickness increases. At the top of the tube,
the condensate film thickness is small and thereby the

resistance 1is low and it increases with increasing
- distance around the perimeter of the tube. Since the
- thermal resistance of the condensate ‘limits the heat-
-

VAP

transfer performance of the tube, to enhance heat transfer,

it is necessary to reduce condensate film thickness. For
horizontal tubes, thinning of the condensate may be achieved
by using a finned, grooved or a fluted surface.

PR AR

In 1984, Yau et al. [9] measured the enhancement

+7.

provided by copper finned tubes over smooth tubes for film-
wise <condensation of steam. Similar experiments by
Wanniarachchi et al. [10] also in 1984 confirmed that the -
observed enhancements were greater than could be explained
by the increased surface area alone. This additional
enhancement may be a result of the surface-tension forces
which act to thin the condensate film. The effect of
surface tension was first described by Gregorig [7] using a
fluted surface. The surface tension induced a large pres- -
sure gradient along the fin surface. This induced pressure -3
gradient can be explained by using Figure 2.1. . -

18 X
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Figure 2.1 Schematic of Condensate Profile on jf

. Unflooded Fin. : N
The pressure gradient due to the effect of the surface -

tension between a liquid and vapor is inversely proportional ﬁ

to the radius of curvature of the condensate surface. f

The pressure of the condensate at point A is higher than &

) the vapor pressure because of the convex condensate surface I

at this point. The condensate surface at the valley is EZ

rather flat. This nearly infinite radius of curvature of o
. the condensate surface results in no pressure difference ey
1" -

‘ee
'
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induced by the surface tension at this point. Therefore,
the pressure at point B is almost the same as the vapor
pressure. These pressures are given by:

o =p +3 . (2.1)

P =P (2.2)

where
P, = vapor pressure,
PA, Pﬁ = liquid pressure at points A, B, and
TA, TB * = radius of curvature of the condensate

film at points A, and B.

At point A, the radius of curvature is small, so the pres-
sure at point A is higher than the pressure at point B (see
equations (2.1) and (2.2)). Since, in reality, the radius
of curvature changes along the condensate surface, between
points A and B, the pressure within the condensate film
varies along the height of the fin. The overall pressure

difference between points A and B is given by equation
(2.3).

APAB’H (2.3)
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where
AP,p = pressure difference between points A and B.

Since the radius of curvature of the condensate film at
point A is very small, we can see from equation (2.3) that
there is a large pressure difference between points A and B.
This pressure difference causes the condensate to flow from
point A to point B, thinning the condensate layer. On the
\ other hand, the flow of condensate between the fins depends
; on the ratio of surface tension forces to gravity forces
since the former acts to retain the condensate between the
fins while the 1later acts to drain the condensate. As
surface tension increases, the condensate tends to flood a
S larger area of the tube in which the condensate layer is
thick and the thermal resistance increases, so a small heat
transfer coefficient results. The flooded portion of the
tube, as mentioned in section A, is defined by the retention
angle, (y) (i.e., the angle from the bottom of the tube to
the highest position of the tube where the interfin space is
still full of condensate). The retention angle depends on
the fin spacing, surface tension and gravity forces, and the i

DA LSS

fin shape. Therefore, on the one hand, using fins around a ]
smooth tube increases the condensing area and thins the Eé
condensate film along the fin surface. However, these bene- lﬂ
ficial effects are offset by the flooding that occurs.
| Decreasing the retention angle increases the heat transfer

performance. Therefore, any means reducing the retention

angle is beneficial. As mentioned in section A, one way to
decrease the retention angle is by attaching drainage strips
at the lower part of the tube.
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B. 'CONDENSATE RETENTION
In 1946, the first measurements of condensate retention "

ve
(PO

' s a4 & b &
v

were made by Katz et al. [11]. These measurements were made
under static conditions (i.e., no condensation taking place)
using water, aniline, acetone, and carbon tetrachloride on
ten different tubes with fin densities from 276 to
984 fins/m, and fin heights from 1.2 to 5.7 mm. They meas- K
ured the retention angle by visual observation and by o
weighing the amount of retained liquid. Theoretical treat- ~)
ment of the problem using the measurement of surface tension
by a capillary tube and by the pendant drop method was made
to develop a formula to predict condensate retention as a
function of condensate properties and the dimensions of the o
tube. Their result for the condensate retention angle, y is :
given by equation (2.4):

o (ADf - 2D, + 25) 180
siny  p; |T (Dg? - Dy Ds 98D
4

€

(2.4)

. where

@ o = surface tension,

y pg = density of condensate, ‘
> g = acceleration of gravity, L

- D¢ = fin Diameter,
N D_. = outside diameter of tube, and
s = fin spacing.

It was shown that condensate retention depends mainly on the

ratio of surface tension to liquid density and on the fin

(o A R N
2 -'.;,'-.u;‘

spacing.

A
N
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In 1981, Rudy and Webb [l2] measured condensate reten-
tion angles on three integral-fin tubes with three fin
densities (748, 1024, 1378 fins/m). They used three
different fluids (water, R-11, and n-pentane) under both
static and dynamic conditions. Their results showed that
the retention angle increases with increasing surface
tension to density ratio of the fluid. They also showed
that the difference between static and dynamic retention
angles was very small. For water, they reported that a
significant portion of the tube surface was flooded.

In 1982, Rifert [13] reported -equation (2.5) for the
retention angle using a model of the capillary rise height
of the fluid along a vertical plate.

CRNEase 2tk & iy s e Sha ae

- 2 o (P - Pg) (2.5)
¢y = COos 1 - m _
where
)
3 P = wetted perimeter,
Pg = fin pitch, and

Prorile area of the fin.

Ap

Later, in 1983, Rudy and Webb [14] developed an analyt-
ical model to predict condensate retention. They used two
finned sections, one in tubular form and the other by split-
ting the tubular section and unrolling it into a vertical
plate. They found that the vertical rise height of the
condensate was the same for these two cases. Based on this

T TP

observation, they modelled condensate retention on a flat
plate to express the same on the finned tube. They made a

simple force balance on the free body of condensate and

OTETETW YT Y

23

B2 aB L om0 gl ok g

.................................
................................

> e - . SR
L.LA_‘psLMA.A_)‘.AJ"‘),‘.)AA_‘ A")'.z')"u',a"‘-'nl-‘-_.__al_‘_!4_!‘&'_[-.-,‘,-.»_’~A-4 ey » e N S




Retained Condensate

External Diameter of fins

Retention Angle ()

Figure 2.2

Schematic of Condensate Retention

on Finned Tubes.

=




-

I YV YV VY T X

developed an expression for the condensate retention angle
as given by equation (2.6):

q:-cos'l[l-z O(ZQ-t)] (2.6)

PfF 8 € s Dy

where
e = fin height.

Both their analytical and test results showed that the
retention angle increases with increasing surface tension-
to-density ratio. Experimental results involving the use of
water, R-11, R-12, ammonia, and n-pentane were predicted to
within 10 percent.

Owen et al. [15] also recognized the necessity of
including the effects of condensate retention in the heat-
transfer models. The main simplifying assumption for their
model was that the condensate retention angle was indepen-
dent of condensation rate, so there is no difference between
a static test and dynamic condensation. Therefore, they
considered only a static analysis. A simple force balance
between surface tension and gravitational forces resulted in
an equation for the condensate retention angle as shown
below:

4 o (2.7)

- -11-_—
pe ot - oy |

This equation is the same as equation (2.6), except that
equation (2.7) is independent of fin thickness (t). A good
agreement between this equation and the available data were
reported by Rudy and Webb [12].
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?‘ In 1983, Honda et al. [16] performed experiments on
0 finned tubes with and without porous drainage plates using
R-113 and methanol as working fluids. They revealed from a
photographic study that the static and dynamic profiles of
the retained condensate were almost the same, and, by

oL

attaching a porous drainage plate, they demonstrated a
significant reduction in the retention angle. Considering a

force balance between gravity and the surface tension force
acting on the condensate, they made a theoretical analysis
to predict condensate retention, leading to equation (2.8):

4 o cos® ] (2.8)

- - -1 -
: Y = cos [1 ot € 5 D¢

where

0 = fin tip half-angle.

They reported very good agreement between their theory,

Y

their own data and other available experimental data
[11,12].

Yau et al. [9] measured the condensate retention angle
using water, ethylene glycol, and R-113 for finned tubes
with and without drainage strips. They used an apparatus to

simulate condensation on finned tubes. From their results,

. PR
A

it appears that a drainage strip attached edgewise to the
bottom of a tube has a significant effect on removing the
condensate, so liquid retention is significantly reduced.
They modified equation (2.8) in order to fit their experi-
mental data, and developed the empirical relation given by
equation (2.9):

1.66 o cose]

= -1 1 -
V cos [ of g s D

(2.9)

3 26

‘o

-

)

~

Y pCT '.'.". '(‘-‘ TR S T S D e S Lt S A S AN W T a i AT M "."-"-"."-'-"\'_\'A\‘-,' ‘*"‘-.‘ WAL AWV TR
SRS I AR S G LR R s : : VYNSS A MRS - WEIERANEAL




LW

T AT Yl T e e e T e e T e g e N T el el

------------------

where
0 = fin tip half angle.

Continuing with their investigation on condensate
retention, Rudy and Webb [17], in 1985, modified their
previous model [14] for predicting condensate retention on
horizontal tubes with fins of arbitrary shape. Experiments
were made on four finned tubes with fin densities from 748
to 1378 fins/m and one spine tube with a fin density of 1378
fins/m. The fluids tested were R-1ll, n-pentane, and water.
In addition, they tested a Thermoexcel-C tube with fin
density of 1417 fins/m and R-1ll1 as the working fluid. As in
the previous models, this model is based on the equal capil-
lary rise height for a tubular section and another section
that was made by splitting a tube section and unrolling it
into a vertical flat surface. Equation (2.10) is recom-
mended to predict the condensate retention angle :

N 2 o (Pg - tp) ] (2.10)
¢ = cos Do pfg[(tb+5)e'Ap]

P; = wetted perimeter of fin cross section,

fin base thickness, and

profile area of fin over fin cross section.

<

From equation (2.10), the retention angle increases for
an increase of surface tension to density ratio of the
liquid, fin density or for an decrease of tube diameter.
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For the case of a horizontal tube with rectangularly-shaped
fins, equation (2.10) reduces to equation (2.7). The exper-
imental deviation from the predictive value of equation
(2.10) was t 10 percent.

C. THEORETICAL MODELS )

In 1948, Beatty and Katz [18] performed experiments with
propane, n-butane, n-pentane, sulfur-dioxide, methyl chlo-
ride, and Freon-12 condensing on single finned tubes with
fin densities from 422 to 630 fins/m to obtain the vapor-
side heat-transfer coefficient. They used the Nusselt equa-
tions for condensation on a horizontal tube and on a
vertical surface, and considered the finned tube to be a
combination of two parts, a horizontal plain tube and
vertical fins. Thus, they expressed the average heat-
transfer coefficient by a Nusselt-type equation based on an
equivalent diameter. They modified the customary 1leading
constant (0.728) found in the Nusselt equation to fit their
experimental data and their correlation is given below:

, _ k3 p (p - pv) g hf l/‘# 1 My
Rag = 0.689 ot if = f:] = (2.11)
1/ u
[l_]xlu ) Ay [E_JI/M . 1.3 n Ag [l] ©(2.12)
De Aeff L Do Aeff LX

where

AR
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Af = 7 (Dg2 - Do2) W L

(2.14)
(2.15)
Aaff = Ap + 1 Ag
. (D?D- Dg) (2.16)
3 £
where
Aggs = effective area of finned tube,
Ag = total surface area of finned tube,
A, = surface area of smooth tube,
Dg = equivalent tube diameter,
hBK " = average vapor-side heat-transfer coefficient,
hfg = ¢tspecific enthalpy of vaporization,
ke = thermal conductivity of condensate,
n = fin efficiency,
AT = vapor-side temperature drop,
173 = viscosity of condensate, and
Pv = density of vapor.

The empirically determined 1leading constant (0.689) in
equation (2.11) is only 5 percent less than the theoreti-
cally derived constant (0.728) using Nusselt theory. But
the average heat-transfer coefficient is greater than that
predicted by Nusselt theory for a smooth tube since the
equivalent diameter is smaller than the outside diameter of

29
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the tube. They claimed a maximum error of + 7.2 percent and

v - -

- 10.8 percent for the fluids they tested. However, they
did not take into account surface-tension effects for thin-

. ning the condensate along the fin height. They also E
neglected condensate retention and assumed gravity to be tj
entirely responsible for the flow of condensate. Over the ?
decades following their work, many researchers have found ‘ ~

: this model to be quite adequate for low-surface-tension &

a3 fluids and for tubes with moderate fin densities (i.e., for ¢
condensing fluid-fin density combinations to yield low 3
retention angles). However, as the fin density or the :
surface tension increases, the model tends to overpredict ':
the heat-transfer coefficient [12]. i

' Some years later in 1971, analytical and experimental &
studies of condensation on horizontal tubes with trapezoi- :
dally shaped fins were performed by Karkhu and Borovkov 3
[19] for condensation assuming surface tension to create the Lo
dominant force. The analytical solutions were based on the f'
following assumptions: 1) the thin condensate £film repre- t
ser>s a laminar boundary layer; 2) surface tension causes a i
pressure gradient along the fin side; 3) gravitational and :
inertial terms in the equation of motion of the film along ;
the side of the fins were small compared to surface tension i
terms and were neglected; 4) the motion of condensate in the ;
trough area is laminar; 5) condensate drains by gravity into }

N

the trough; 6) no condensation takes place on the flooded

-
] »
~

portion of the tube; and 7) the fin temperature is constant
along the height of the fin. Using Nusselt's basic assump-
tions and the differential equation of condensate motion
(assuming radial flow of condensate feeding into the
interfin space) with appropriate boundary conditions, they
were able to obtain the thickness of the condensate film in
the interfin spacing (equation (2.17)). In order to calcu-

late the temperature distribution along the fin height, they

J
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assumed one-dimensional heat conduction. Using numerical D
methods to solve the resulting differential equations, they
found expressions for the heat-transfer coefficient:

Zp = 1.6 H 9-2 (1 - 0.35 H ~0-3 ) (2.17)
- G hg
h .ﬁ (2.18)
where A
P
s e % Dy (2.19) :
FS . E'+ b+ cos 2

2T = 0.38 + 0.62 ntl - 0.012 n . (2.20)

[of hfg o] /% kf 3/ue 3/2

n= Ll AT R 1 7 t20] 25 e sin 6] (2.21)
where
H = 2.86 o M up ke 1 ) ¥ Ro 2.22)
sin30 (1 + g8)4/% cost/% 6 o7/ % &7/ 2 ng, ¥/ B
o cosb
e T T ¥ tand) e oy (2.23)
where
b = half of fin tip width,
e = fin height,
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" Fg = effective condensate surface,

..
G = condensate flow rate,
h = heat-transfer coefficient, ’
Z = dimensionless depth of condensate

between fins,

(%)
o
'

= dimensionless depth of condensate at fin base, and

(=~
n

fin semivertex angle.

Experiments were performed with four different finned tubes
to condense both steam and R-113 with slowly moving vapor
and when the Weber number (equation (2.23)) is greater than
.10. Using the measured temperature at the fin root, they
found equation (2.21) for the dimensionless depth of the
condensate at the fin base within t 2 percent of the experi-
mental data. Also, they solved the heat conduction equation
over the fin to find the temperature distribution over the
fin height (equation (2.19)). They found the vapor-side
coefficients to be 50 to 100 percent greater than that for a
smooth tube. Further, they reported that their predictions
agreed to within #5 percent with their experimental data.

In 1973, Edwards et al. [20] reported an analytical
model for condensation on circumferential grooves on hori-
zontal tubes that included the surface tension effect,
gravity, viscous, capillary pressure, and condensate accel-
eration during the flow around the tube. This model is
based on the following assumptions: 1) the condensate pres-
sure is uniform over any cross section; 2) the radius of
curvature of the meniscus in the flow region at the trough
is constant; 3) the heat transfer and vapor friction on the
meniscus are negligible; 4) the draining condensate from the

fin side has 2zero velocity; 5) the grooves have small
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height compared to the tube radius; and 6) the film has a
contact angle to the fin tip.

Using conservation of mass, with the overall heat-
transfer coefficient as a function of local pressure differ-
ence and making a simple force-momentum balance over an
element of condensate film, they found a relationship for
the local heat-transfer coefficient as given by equation
(2.24):

1/2
hel [kf km'es] (2.24)
w 6c + o

where

o= -21- [z (In -‘11- + 0.11593]2 cot 6g (2.25)
— tanng"z (2.26)
Gg km

k¢ = liquid thermal conductivity,
kn, = fin thermal conductivity,

w = groove width,

= contact angle, and

0
6, = groove half angle.

)

They assumed no heat transfer through the flooded portion of
the tube. Further, they assumed only circumferential flow
of ccndensate, thus neglecting any flow along the fin
surface in the radial direction. While this assumption
could result in poor predictions, they did not provide a

compari :on of their theory with any experimental data.

33




ra®

“yal

[MNND

.l .D 'l

‘‘‘‘‘‘‘‘‘

.

In 1977, Zozulya et al. [21] modified their previous
model [19] to find expressions for the rate of heat
transfer. Using the differential equation of condensate
motion at the trough, and the average temperature difference
determined by numerical methods, they arrived at equation
(2.27) which gives the dimensionless height of the conden-

sate at the interfin spacing:

Z = 1.8 Fj 0-32 (2.27)

2 /2 (k. uc aT) ¥% cos 9“9 Do (2.28)
T Tp tg hegd T e T (pg g) /T (1 + tang) 7 °

b = thickness at top of fin,
ty, = thickness at fin base, and
zZz = dimensionless condensate film thickness

in the interfin spacing.

They compared the results of equation (2.27) and available
data of refrigerants (R-11, R-12, and R-21) for condensation
on finned tubes manufactured of copper, brass, and steel
with rectangular and trapezoidal fin-shapes. Also, they
compared experimental data for condensation of R-113 and
steam on different finned tubes. Discrepancies within * 15
percent were reported.

In 1979, Webb [22] reported a procedure for the design
and optimization of a fin surface for heat-transfer perform-
ance. Equations (2.31), (2.32) and (2.33) were recommended
to calculate the optimum profile given by equation (2.29) in
order to maximize the heat-transfer coefficient given by
equation (2.30):
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Sopt = (3'5”? (2.29)
-0.2
hy = 1.055 Fy ( Fy F2 ) (2.30)
i/w
F1 = K (B Op) : (2.31)

- 2.32
F2 T3 T ( )
B = hgo PE B8 O (2.33)
3 kf AT
where

hw = heat-transfer coefficient,

P = projected area of convex surface,
S = value of s at @= em,
0 = angular coordinate measured,

from the crest of convex surface, and

B = p/2s.

According to the author, this model underpredicts the heat-
transfer coefficient. The calculated augmentation ratio
based on the projected surface area hp/hNu ranged from 3.4
to 3.8 for tubes with length from 4 ft to 40 ft while his
experiment showed values in the range from 4 to 8.

In 1980, Rifert [23] studied condensation of stationary
vapor on horizontal finned tubes enhanced by the effect of
surface-tension forces that tend to pull the condensate to
the fin root. 1In his analysis, he divided the tube into two
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zones: a) the unflooded zone where the condensate film is

thin, and b) the flooded zone where the condensace film is
thick. He solved the two-dimensional heat-conduction
problem for the wall by numerical methods for each zone and
then determined the mean heat flux. In cases where conden-
sate is retained in more than half of the tube perimeter,
Rifert pointed out that a three-dimensional form of the
heat-conduction equation must be used. Solutions to these
equations by numerical methods revealed that, in most cases,
the fin temperature is very nonuniform and it depends on the
properties of the wall and the vapor and the heat flux. He
stated that for the highly non-isothermal fin surface, the
use of and average temperature drop from vapor to the outer
wall temperature (AT) yields computed heat flux values that
are very sensitive to AT. Since this is unacceptable, he
recommended the use of the average heat flux for the
computation.

In 1981, Adamek [24] presented a method for the design
of an optimum surface for condensing heat-transfer perform-
ance. Similar to other researchers [7,8,22], Adamek recog-
nized the importance of surface tension on the heat-transfer
performance of finned surfaces. Since the dominant force on
the crest is the surface tension, he neglected gravitational
forces in this region. He derived equations for the conden-
sate film thickness (equation (2.34)) and the wall surface
profile by defining the curvature as a function of the
distance along the surface (equation (2.35)). Using equa-
tion (2.36) for the the curvature of the profiles of the
wave crest, and the necessity that the pressure within the
condensate must decrease from wave crest to the trough, he
defined a family of condensate surface profiles, whose
curvatures are given by equation (2.38). A number of §
values and their corresponding condensate surface profiles
are shown in Figure 2.3. He found equations (2.37), (2.39),
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and (2.40) for the film thickness, the average heat-transfer
coefficient and condensate flowrate, respectively. The
parameter f in equation (2.37) characterizes the aspect
ratio of the fin cross section (ratio of the height to the
thickness). As the aspect ratio increases, the parameter 4
decreases. As shown by Adamek, E = - 0.5 represents the
optimum surface for maximum values of the condensate flow-
rate and the average heat-transfer coefficient.

)
6(s)=[(< )—1/3 (4 fC(K)1/3ds+Co]‘/“

o]

= f(s) - 8(8) ng(s)

o [ke ve aT 1 5ot s 2'5] A
o hge Oy (EFD)(E+2)

_ g (E+ D)
Sa 3

h = 2.149 k_f[" heo Om Smopf (£ + 1) ]1/~

Sm ug kg AT (g +2)3
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(2.40)

where
W(s) = wall profile,

f(s) = film profile,

xk(s) = local curvature of the condensate surface,
s = length of path in liquid film,
Sm = length of convex surface over which

the condensate flow,

) = film thickness,

0 = rotation angle of normal to fin surface,
©n = angle from origin to S,

13 = ratio of slenderness, and

r = radius of curvature.

In 1981, Shklover et al. [25] treated film condensation
for finned tubes to investigate the effect of metal thermal
conductivity on the heat-transfer performance. Stationary
steam was used as the condensing fluid. They showed that
as the thermal conductivity decreases, the temperature
difference through the film decreases and the temperature
difference through the wall increases. For this reason, the

finned tubes made of stainless steel or german silver have

the same heat-transfer performance as the smooth tube, while
brass and copper finned tubes outperformed the smooth tubes.

Rudy and Webb [12] proposed a possible improvement to
the Beatty and Katz [18] model by taking into consideration
condensate retention. They applied equation (2.11) only for
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the unflooded part of the tube and recommended equation

(2.41) for the average heat-transfer coefficient.

h = hm:[

LI 4

L
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where hpy is computed using equation (2.11). But, since '
this is a gravity-based model and it neglects any heat

2 transfer through the flooded portion of the tube, it under- .
N predicts the average heat-transfer coefficient of condensing i
3 R-11 by 10 to 30 percent. They recognized that the surface ;
X tension effect must be taken .into account. Lo

) In 1982, Webb et al. [26] developed a new model which
iy included surface tension effects. They modified the original
Nusselt equation for a vertical plate so that surface
tension causes the condensate to drain from the fin tip to

%y s yvov ¥

the base and gravity causes the condensate to flow in the ]
channel between the fins. Assuming surface tension as the x
- dominant force along the fin side, they proposed equation 5
+ (2.42) for the fin side coefficient hgy,, and the average
: heat-transfer coefficient for the entire tube is given by -
equation (2.43): -

Ly

3 1/ . 1/ 4 .
[ k¢ of hg “2¢ 1 1 .
hesn = 0.943 [—W}—_] le—z‘ ( ;"’ T )] (2.42) ~

- where hy was computed using the Nusselt [27] equation, and

Ap Af
h = -fA—p—hb+nf —A;hfin (2.43)

s 1
e
(NI

.+ RN

This model predicted the heat-transfer coefficient within
t 10 percent for R-12.

Using equation (2.7) for the condensate retention angle
they developed earlier, Owen et al. [15] modified the
Beatty and Katz model to include the retention angle. They
divided the tube into two parts: the unflooded portion, and

=

the flooded portion with the condensation occuring on both N

N ' the retained condensate and the fin tips. The equations -
X necessary for this model are listed below: o
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where h, was computed using equation (2.11) with a leading
coefficient of 0.725 instead of the value of 0.689, and

1 1

where hc

eff he

was computed using Nusselt [27] equation, and

Keff
heff » : (2.46)
keff = (1 - sN) kggpn + sNkg (2.47)
where

heges

keff

Kfin =

heat-transfer coefficient for the
unflooded portion of the tube,

heat-transfer coefficient for a
plain tube,

heat-transfer coefficient for the
flooded portion of the tube,

heat-transfer coefficient of the

combined fin and retained condensate,

effective thermal conductivity,

fin thermal conductivity,

number of fins per meter, and

retention angle.

41

»
[

L
| |7

T et
aP 7 IS,
mn N e~

7 |

-

e
. .
S

- v e - -
N
e X

RO
ot

LS A ’
’ll_l"“_ v

A ONOONIEN
v

WA RS
ABAAN

3
)

%%

.“ l"‘l\

crYr
S

‘ij' €,
7

ol




W >

:
N
!
:
X

........ FEERC A
................... S
i e it ddietiioadl DR, W, W Y ORI P Wy W K W T

3
i
§

s = fin spacing

Owen et al. showed their model to predict the data for R-11,
R-22, methyl chloride, n-pentane, sulfur dioxide, propane,
and n-butane to within % 30 percent. However, as shown by
Honda and Nozu [16], this model overpredicted the steam data
by up to a factor of 2.

In 1983, Rudy and Webb [29] developed a model based on
surface-tension-induced linear pressure gradient along the
fin height, thus assuming radial flow of the condensate
feeding into the interfin space. Further, they assumed
gravity-drained flow of condensate in the space between
fins. The Nusselt equation for horizontal tubes was used
for the tube area between fins, while the fin surface was
treated by replacing the body-force term (i.e., "pg") in the
Nusselt equation by an equivalent expression based on
surface-tension-induced pressure gradient as developed by
Webb et al. [26] and Rudy [28] earlier. Once again, they
assumed no: heat transfer through the flooded portions and
the resulting expression is given by equation (2.48):

Ape Do uf 4T

f- | o.725 T Do L | k£ of heg g]‘“
(2.48)

Age [x h r, +r A -
+ 0.943 o A [KE oe fg 0 (ry * Tp) (z- ¥
Ape ug e< rp rg AT n

where
L = length of tube,
Ay = surface area of tube between fins, and
Ag, = fin surface area.

42

........ . K Tt et et T T,
....... S L, - BRI NE S .
...... e N " o e




This expression provided an accuracy of better than 10% for CL
condensation of R-1l1 on short, finely-spaced fins, but the {7
accuracy dropped sharply with fins of increasing height and 3
for larger fin spacing. This was, according to the authors, '
due to the assumed linear pressure gradient on the fin

R i e
N
3
[

surface as this model is not valid when gravity forces -
become dominant (i.e., as e increases). Therefore, equation :
(2.48) is valid for fin densities from 1200 to 1400 fins/m,
and fin heights of less than 1 mm.

S e ¥ W ¥ ¥

Continuing their research on film condensation, Honda et
al. [16] did experiments on horizontal finned tubes by
attaching a vertical drainage strip at the bottom of the
tube to reduce condensate retention. Using R-113 and meth-

.evvgr<¢q

anol as condensing fluids, they found vapor-side enhancement %
ratios (compared to the case without drainage strips) as
high as 1.36 for R-113 and 2.08 for methanol.

In 1984, Honda and Nozu [30] developed an analytical
model for film condensation on horizontal low integral-fin

r N Y

<

~5

tubes. They divided the tube into flooded and unflooded ::
regions. This model is based on the following assumptions: %
1) the wall temperature is uniform; 2) the flow is laminar; 2
3) the condensate film thickness is small; 4) the dominant N
flow on the fin is in the radial direction. Based on these :l
assumptions, expressions for Nusselt number representing the ;é
flooded and unflooded regions were found. The average '”
Nusselt number is given by equation (2.49): e
-

- - = - ’

Nug = (Nugy nu(l = Ta)9f + Nugg ng(l = Tue)(1 = &) (2.49) R
J(1 = Ty) g + (1 = Tyg)(1-9¢) e
where 3
.

n, = Fin Efficiency, B
:ﬁ
~al
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ng fin efficiency for the flooded region,
Nuy = average Nusselt number,

Nuy,, = average Nusselt number for the unflooded region,

Nuyg¢ = average Nusselt number for the flooded region,

) = angular coordinate,

Tyu = dimensionless temperature for the unflooded
region, and

Tyf = dimensionless temperature for the flooded region.

Comparison of the results of this model with the available
experimental data showed agreement to within t 20 percent
for 11 fluids and 22 finned tubes. However, their model
overpredicted steam data by up to 40 percent.

In 1985, Rudy and Webb [31] modified their previous
models taking into account surface-tension effects on film
drainage and condensate retention. They treataed the conden-
sation problem considering two major regions: unflooded and
flooded regions. They further divided the unflooded region
into finned area and the interfin area. They computed the
average heat-transfer coefficient for the entire tube as
given by equation (2.29).

A Af - ]
hpw = hn, = [hr-A—£+nhfj_n 'A_']F T ]+ hf.; (2.50)

In order to compute the heat-transfer coefficient for the
finned area (hfin)’ they used an expression developed by
Adamek (equation 2.39)). One of the profiles they used for
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the trapezoidal-shapéd fin is shown in Figure 2.4. They
used equation (2.38) with 0, = 85 degrees and for each fin
geometry an iterative procedure to establish the § value for
each profile to correct the fin thickness at the fin base
given by equation (2.51).

t=tp-te + 2 8(Sm) (2.51)

Further, since they assumed that the length of the convex
surface is from fin tip teo fin base, they corrected for the
film thickness equation (2.52) resulting from the additional
condensation at the fin tip:

Sp=Sp+ t/2 - & (2.52)
where )
o T (2.53)

where h,. is the heat-transfer coefficient for the interfin
area in the flooded region. In order to calculate the
interfin area (hr)' thevy used the Nusselt equation with an
iteration to account for the additional condensate drainage
from the fins. Finally, to compute the heat-transfer coef-
ficient in the flooded region they used the following
equations:

8 = ap2 / 9bl (2.54)

- (2.55)
= k‘e— - hf AT
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he = 8% (2.56)

where qp,; is the heat flux if the fin thickness were zero.
Using a numerical technique, they computed q,, based on

two-dimensional conduction through the fins and the conden- :
sate film.

FinTip

'
™ Fin Centeriine Condensate Surface Of {-Profile

Bose Surface Of Fin For
{-Protiia

Actual Condensate Surface ?

i,c.mm.no

Bose Of Fin

(o an 4 Loniaw e cm e

Figure 2.4 Fin Geometry for the Webb et al. Model [31].
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D. FILMWISE CONDENSATION ON WIRE-WRAPPED TUBES
Similar to fin tubes, surface-tension effects can be X

EAA T,

beneficial for filmwise condensation on wire-wrapped tubes. o
However, the surface-tension effect on wire-wrapped tubes is A
different than that on finned tubes mainly because of the
very little heat transfer through the wires compared to fins '
that would transfer the majority of the heat.

As can be seen from Figure 2.5, the condensate surface
in the space between wires on the wire-wrapped tube is
rather flat and the pressure difference between the conden-
sate and the surrounding vapor is zero. However, due to _
the existence of a concave condensate surface at the point
of contact between the wire and the condensate surface, a -
reasonable pressure difference within the condensate will -
exist from the. inter-wire space to the immediate vicinity of
the wire. 1In fact, the pressure atr point A is the small